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The conditions which influence the distribution of oxygen in lake

water are the subject of an extensive literature (Thienemann, 1928;

Grote, 1934), but there is relatively little information on the role played

by bacteria regardless of the alleged importance of these organisms as

agencies which deplete the oxygen content of natural waters. Birge

and Juday (1911) state that the respiration of the bacteria of decay is

more important than the respiration of aquatic animals in the utilization

of oxygen. According to Domogalla, Fred and Peterson (1926) the

oxygen content of lake water below the photosynthetic zone is inversely

proportional to the abundance of bacteria. Similarly, Kusnetzow and

Karsinkin (1931) report that the zones of diminished oxygen tension

in Lake Glubokoje are caused primarily by bacterial activity. Seiwell

and Seiwell (1938) attribute the oxygen minimum layer in the sea to the

increased decomposition of organic matter by bacteria in such zones.

Putter (1924) expresses the view that bacteria consume more oxygen
in sea water than all other organisms combined.

Some workers have assumed erroneously that the amount of oxygen
consumed by bacteria in water can be evaluated merely by storing sam-

ples of raw water in the dark in glass-stoppered bottles and determining
the oxygen content after different periods of incubation at the in situ

temperature. This procedure may serve to estimate the amount of ma-

terials in such water which can be oxidized by bacteria but it fails to

indicate the rate or the amount of oxygen consumption in situ because

the storage of water in the laboratory is always accompanied by increased

and altered bacterial activity (ZoBell and Anderson. 1936). Therefore,

in order to ascertain how much oxygen is consumed by bacteria in

lakes, several factors which influence oxygen consumption must be

considered.

1 This investigation was supported by grants from the Brittingham Trust Fund
and the Wisconsin Alumni Research Foundation. Part of the cost of technical

assistance was defrayed by the Works Progress Administration.
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Influence of Temperature

Water temperatures ranging from to 35 C. or higher occur in

lakes. In order to evaluate the effect of temperature upon the rate at

which bacteria consume oxygen, the following experiments were con-

ducted. Water was collected from Lake Mendota in 5-gallon carboys
and thoroughly shaken to insure uniformity of its bacterial and chemical

composition. It was then siphoned into each of several dozen 145 ml.

oxygen bottles. The latter were divided into four lots and transferred

to water baths held at 8, 18, 25 and 37 C. respectively. Duplicate
bottles from each lot were analyzed for the oxygen content of the water

by the Winkler method at the beginning of the experiment and after

different periods of incubation. In most cases duplicate determinations

agreed to within 0.03 mgm./l. and additional bottles were analyzed if

the divergence of duplicates exceeded 0.10 mgm./l. The bottles were
incubated in the dark to prevent photosynthetic activity. Table I shows
the amount of oxygen which was consumed by the bacteria after dif-

ferent periods of incubation.

TABLE I

Amount of oxygen consumed by bacteria in Lake Mendota water incubated at

different temperatures. The water initially contained 9000 bacteria per ml. and
7.46 mgm. of oxygen per liter.
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it contained more bacteria than the water incubated at the higher

temperatures.

The residual organic matter becomes more and more refractory to

oxidation as the more oxidizable fractions are oxidized and finally a lack

of oxidizable matter limits further oxygen consumption. Although six

times as much oxygen was consumed by multiplying cultures in two days
at 25 C. as at 8 C., there was virtually no difference after sixty days
because at all temperatures most of the readily oxidizable organic matter

had been oxidized. By applying the formula of Buchanan and Fulmer

(1930) :

2.303 5 log bIBm =
t(b

- B)

where w is the oxygen consumed per cell in time t
;

5" the total amount

of oxygen consumed in time /
;
B the number of bacteria at the beginning

of the experiment and b the number after time /
; it was found that

during the first 24-hour period of incubation at 25 C. the bacteria in

Lake Mendota water consumed 21 to 43 X 10~ 12
mgm. of oxygen per

cell per hour. Although the bacterial population continued to increase

throughout the second 24-hour period, the oxidizable organic matter

content of the water was diminished to such an extent that the bacteria

used only 5.4 X 10~ 12
mgm. of oxygen per cell per hour. After 5 days

the bacteria incubated in water at 25 C. were using only 0.5 X 10~ 12

mgm. of oxygen per cell per hour. During the first 24-hour period of

incubation at 8, 18, 25 and 37 C., the bacteria consumed an average
of 9 X lO' 12

,
20 X 10

- 1

-, 32 X 10' 12 and 61 X 10' 12
mgm. of oxygen

per cell per hour respectively. Bacteria from Lake Glubokoje were

found by Liagina and Kusnetzow ( 1937) to consume an average of

18.8 X 10- 12
mgm. of oxygen per cell per hour at 10 C. and 30.3 X 10' 12

mgm. at 15 C.

The influence of temperature upon the rate of bacterial respiration

independent of its effect on bacterial multiplication and other variables

mentioned above was investigated by inoculating lake water enriched

with 0.01 per cent each of glucose and asparagine with about a hundred

million bacteria per ml. The inoculant was prepared by washing the

actively multiplying colonies from several bottles of nutrient agar pre-

viously inoculated with the mixed microflora from Lake Mendota and

incubated at 18 C. Under these conditions the rate of oxygen con-

sumption was found to increase exponentially with the temperature

with one exception as shown by Fig. 1. The Q, from 8 to 25 C.

was found to be 2.1. The decelerating rate of respiration in the water

incubated at 37 C. is attributed to the inactivation of some of the
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thermo-sensitive bacteria or their enzymes and is not due to a lack of

either oxidant or oxygen. According to Edwards and Rettger (1937)

the respiratory enzymes of bacteria are especially thermo-sensitive, many

being destroyed at relatively low temperatures. Similarly ZoBell and

Conn (1940) have shown that prolonged exposure to temperatures ex-

ceeding 25 C. is injurious to many water bacteria and that the respira-

tory enzymes of some are destroyed in 10 minutes at 30 C.

Influence of Oxygen Tension

According to Amberson (1928) the rate of oxygen consumption by

unicellular organisms is independent of the oxygen tension over a wide

OXYGEN
MGM/_

TIME IN HOURS

FIG. 1. Oxygen consumed after different periods of time at 8, 18, 25 and

37 C. by lake bacteria (resting cells) in lake water enriched with 0.01 per cent

each of glucose and asparagine.

range. Similarly Putter (1924), Harvey (1928), Pomeroy (1938)

and others report that the rate of oxygen uptake by bacteria is not

influenced by the oxygen tension. However, Waksman and Carey

(1935), Heukelekian (1936), Schlayer (1936) and others find that the

rate of oxygen consumption by certain bacteria is proportional to the

oxygen tension. These antithetical observations may be due to varia-

tions in experimental procedure. For example, Kempner (1937) finds

that at relatively low temperatures or with old cells the respiration of

Escherichia coli is independent of the oxygen tension, but when using
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heavy suspensions of young cells at their optimum temperature, the

oxygen uptake of E. coli is a function of the oxygen tension. These

observations suggest that all of the oxygen may be consumed in the

immediate vicinity of groups or clumps of young cells more rapidly
than it can reach them by diffusion. Clifton and Logan (1939) and

others have shown that young cells consume oxygen much faster than

old ones. According to Waksman and Renn (1936) the effect of oxy-

gen tension is most pronounced when resistant materials are being
oxidized.

The following experiments were performed to ascertain what effect

the oxygen tension has upon the respiration of bacteria in lake water.

The oxygen content of water recently collected from Lake Mendota was

adjusted by bubbling either nitrogen or oxygen through it until other-

wise identical lots of the water contained from 0.31 to 8.26 mgm./l.
This was siphoned into oxygen bottles and the oxygen tension of the

water was determined after different periods of incubation at 25 C.

The results of the experiment, which are summarized in Table II, show

TABLE II

Oxygen consumed by multiplying bacteria in Lake Mendota water containing
different concentrations of dissolved oxygen after different periods of incubation
at 25 C.
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the oxygen content is as low as 0.3 mgm./l. Even when the water was

supersaturated with oxygen (as much as 26.48 mgm./l.), bacteria con-

sumed oxygen no more rapidly than when the water contained only 0.3

mgm./l. As the oxygen tension is reduced below 0.3 mgm./l. the

rate of bacterial respiration decreases rapidly.

Influence of Organic Matter

According to Friedlein (1928) 100 mgm. of utilizable organic matter

per liter approximates the minimum concentration in which certain bac-

teria can grow. This is greatly in excess of the concentration of total

organic matter commonly found in lakes
;

Lake Mendota water contain-

ing an average of only 12 mgm./l. (Birge and Juday, 1934) ; and, as

will be shown below, much of this is highly refractory to bacterial de-

composition. While many bacteria indigenous to natural waters can

TABLE III

Effect of the concentration of glucose upon the rate of respiration of "resting"
bacteria in water which initially contained 7.28 mgm. of oxygen per liter.

Concentration
of glucose
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organic matter. However, the rate of respiration was increased by the

addition of glucose until a concentration of 100 to 1000 mgm./l. was

reached. Similar results were obtained with glycerol, asparagine and

lactic acid. The rate of respiration was not influenced by the addition

of 2 mgm./l. of either ammonium sulphate or potassium nitrate thereby

proving that the lack of available nitrogen was not a limiting factor.

Further experiments are planned to determine the effect of concentra-

tion of other organic compounds upon the respiration and other vital

activities of bacteria.

TABLE IV

Relative rates of oxidation of 2.0 mgm./l. of organic compounds by cultures of

lake bacteria as indicated by the amount of oxygen consumed after different periods
of incubation at 25 C. The "oxygen demand" is the amount of oxygen required
for the complete (100 per cent) oxidation of 2.0 mgm. of the compound.

Compound
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pounds are attacked by lake bacteria. Corrections bave been made for

the 0.07, 0.12 and 0.16 mgm./l. of oxygen which was consumed after

5, 10 and 20 days respectively in the inoculated controls to which no

organic matter was added. The "
oxygen demand "

is the theoretical

amount of oxygen required for the complete oxidation of 2.0 ingm. of

the compound to carbon dioxide and water. The oxygen demand of

the nitrogenous compounds would be somewhat higher if the ammonium

resulting from their decomposition were oxidized to nitrite or nitrate.

From Table IV it will be observed that there is considerable differ-

ence in the amount of oxygen required for the complete oxidation of

similar quantities of different compounds and that there is even a greater
difference in the susceptibility of the compounds to bacterial decomposi-
tion. Part of the difference in the rate at which oxygen is consumed

by bacteria in the presence of different compounds is attributable to

differences in the number of bacteria in the mixed culture which are

capable of attacking the given compound as well as to differences in the

growth-promoting properties of the compounds. Moreover, the fact

that the oxidation of some compounds requires four or five times as

much oxygen as equal concentrations of other compounds might influence

the results. An evaluation of these and other factors which are in-

volved in the full interpretation of the experiment awaits further

investigations but the experiment does indicate in a general way how
small concentrations of certain organic compounds might influence oxy-

gen consumption by bacteria in lake water. It seems especially note-

worthy that 2.0 mgm./l. of some of the compounds are almost quanti-

tively oxidized in 10 to 20 days and the more resistant compounds

including cellulose and lignin are slowly oxidized by certain lake bacteria.

Working with eleven samples of purified lignin differing either in source

or method of preparation ZoBell and Stadler (1940&) found that 4.4

to 14.7 per cent of the lignin was oxidized by lake bacteria in 30 days
at 28 C. Kinkel (1936) has reported on the decomposition of cellu-

lose, chitin and pectin by aerobic bacteria found in Wisconsin lakes.

Lacustrine Organic Matter

Most of the organic matter which occurs in lake water is quite

refractory to bacterial oxidation. This was demonstrated by noting the

rate and amount of oxygen consumption in samples collected from

various Wisconsin lakes at different times during the year. The water

was collected in 5-gallon carboys, filtered through cotton gauze to remove

gross particles, thoroughly shaken to insure uniformity in composition

and after it was warmed to 25 C., the water was siphoned into 145 ml.
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oxygen bottles. Duplicate bottles were analyzed for dissolved oxygen
after different periods of incubation in the dark in a water bath at 25 C.

Table V shows the oxygen-consuming capacity of Lake Mendota water

collected near the surface at Station S 7 from October 11, 1938, to

May 6, 1939. In February the samples were collected through twelve

to twenty inches of ice.

Assuming the total organic matter content of Lake Mendota water

to be 12 mgm./l., the average found by Birge and Juday (1926) over

TABLE V
Biochemical oxygen demand (B.O.D.) of Lake Mendota water from Station S 7

after different periods of incubation at 25 C. Upon equilibration with air at 25 C.

the oxygen concentration of the water was around 8.5 mgm./l. at the beginning of

each experiment.

Description of samples
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was oxidized in 31 days at 25 C. According to Waksman and Renn

(1936), about 50 per cent of the organic matter in sea water is decom-

posed by bacteria under similar conditions
;

and of this decomposed

organic matter, about 60 per cent is completely oxidized and about 40

per cent is converted into bacterial cell substance.

Upon the addition of 10 mgm./l. of glucose to the lake water all

of the oxygen (about 8.5 mgm./l. at 25 C.) was rapidly depleted from
the lake water thereby indicating that available nitrogen is not a factor

which limits the oxidation of the organic matter in lake water. More-

over, neither the rate nor the amount of oxygen consumption was in-

fluenced by the addition of 2 mgm./l. of ammonium sulphate.

The respirable or oxidizable organic content of Lake Mendota water

as indicated by its oxygen-consuming capacity was found to decrease

TABLE VI

Oxygen consumed by bacteria (B.O.D.) in samples of water from Northeastern
Wisconsin lakes after different periods of incubation at 25 C.

Lake
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The Foerst supercentrifuge (Juday, 1926) removed enough participate

organic matter to reduce the oxygen-consuming capacity of lake water

9 to 21 per cent.

The lower the concentration of oxidizable material in lake water

the more refractory it is to bacterial attack. For example, from the last

of November (11/30/38) to the first of March (3/7/39) when the

20-day B.O.D. of Lake Mendota water was lowest, the ratio of the

5-day B.O.D. to the 20-day B.O.D. was also lowest; or proportionately

less oxygen was consumed in 5 days when the total oxidizable content

was lowest (see Table V). Similar observations were made on water

samples from other Wisconsin lakes as shown in Table VI. Less oxi-

dizable organic matter was found and the ratio of the 5-day to the 20-

day B.O.D. was lower in oligotrophic Crystal Lake than in eutrophic

Trout, Little Star and Silver Lakes.

TABLE VII

Oxygen consumed per 100 mgm. (dry basis) of Lake Mendota mud dredged
from Station 1 in January 1939 after different periods of incubation at 25 C.

Sample
No.
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suming that 1.2 mgm. of oxygen is required for the complete oxidation

of 1.0 mgm. of the organic matter, it is calculated that 24 per cent of

the organic matter in the lake deposits is oxidized aerobically in 20 days
and around 29 per cent is oxidized in 30 days at 25 C. Decomposition
continues slowly thereafter at a constantly decreasing rate. The or-

ganic matter in the mud is decomposed much more readily in the pres-

ence of oxygen than anaerobically because Allgeier et al. (1932) found

that only 1 per cent of the total organic carbon was destroyed in 7 months

under anaerobic conditions. Steiner and Meloche (1935) have shown

that from 30 to 48 per cent of the organic matter in lake deposits con-

sists of ligneous materials which are very resistant.

Little relationship was noted between the oxidizability of the lacus-

trine materials by permanganate (Werescagin et al., 1931) and its oxi-

dizability as indicated by oxygen consumption by bacteria. The latter

is believed to be much more representative of the capacity of the organic
matter to utilize oxygen in situ.

Discussion

If the heterotrophic bacteria in Lake Mendota consume oxygen at

the rate of 9 to 20 X 10~ 12
mgm. per cell per hour (values found in the

laboratory at 8 and 18 C. respectively), a hundred thousand bacteria

per ml. would consume 4 to 9 mgm. of oxygen per liter of water during
the six summer months when the temperature of the water ranges from

8 to 18 C. At this rate the activities of heterotrophic bacteria could

account for the depletion of the oxygen from stagnant waters particu-

larly in the lake bottom where bacterial populations exceeding a million

per ml. have been demonstrated (Henrici and McCoy, 1938). While

these estimates based upon laboratory observations are highly speculative,

they substantiate the conclusions of field workers that bacteria probably

play a very important role in the utilization of oxygen in lakes. When
more complete data become available it should be possible to evaluate

with greater precision the role of bacteria. Combining field and labora-

tory observations Liagina and Kusnetzow (1937) have calculated that
"

the decrease of the oxygen content of the waters of Lake Glubokoje
can be covered with excess by the respiration of the water bacteria."

Although little is known concerning the abundance and activity of

chemosynthetic autotrophic bacteria in lakes, those which oxidize am-

monium, nitrite, hydrogen sulphide and methane may utilize appreciable

quantities of oxygen. The possible significance of such autotrophs is

apparent from the fact that the oxidation of 1.0 mgm. of ammonium to

nitrate requires 5.15 mgm. of oxygen, the oxidation of 1.0 mgm. of
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hydrogen sulphide to sulphate requires 4.23 mgm. of oxygen and the

oxidation of 1.0 mgm. of methane to carbon dioxide and water requires

4.0 mgm. of oxygen. Hydrographic data (Welch, 1935) indicate the

presence of from a trace to a few milligrams per liter of ammonium,

hydrogen sulphide and methane in lake water from various places and

there is evidence that these substances are oxidized. Kusnetzow (1934)

believes that methane-oxidizing bacteria consume more oxygen in certain

lakes than all other bacteria and animals combined. According to

Ravich-Sherbo (1930) there is an extensive layer of sulphur bacteria

in the Black Sea where they oxidize the hydrogen sulphide from the

hypolimnion at the expense of the oxygen from the epilimnion. A simi-

lar localization of sulphur bacteria in the marginal zone of Lake Ritom

has been reported by Diiggeli (1924).

Summary

The rate of respiration of lake bacteria increases with temperature,

the Q10 from 8 to 25 C. being 2.1. Mixed microflora from Lake

Mendota were found to consume from 21 to 43 X 10" 12
mgm. of oxygen

per cell per hour at 25 C. Prolonged exposure at 37 C. is injurious to

some of the bacteria.

The rate of respiration is independent of the oxygen concentration

of the water within the examined range of 0.31 to 26.48 mgm./I. As

the oxygen tension is reduced below 0.3 mgm./I. the rate of bacterial

respiration decreases rapidly.

Both the character and the concentration of organic matter influence

the rate of oxygen consumption by lake bacteria. The rate of respira-

tion of
"

resting
"

cells increases as the concentration of glucose, aspara-

gine and lactic acid is increased up to 100 to 1000 mgm./l.
About one-third of the organic matter in Lake Mendota water is

readily oxidizable, the remainder being quite resistant to bacterial attack.

The organic content of bottom deposits is less oxidizable than that of

water, and the remains of plankton organisms are more readily oxidized

by bacteria than the dissolved organic matter occurring in lake water.
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